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Minimizing the deterioration in flavor once beer has been packaged and is in the marketplace remains one of the major technological challenges facing brewers (2) . The issue is immensely complex and involves a wide range of chemical changes that can occur in the finished beer and also during brewing (11) .
One fundamental aspect of many of the relevant chemical reactions is oxidation and it has long been recognized that it is essential to package beer with the lowest possible oxygen content. However it is also acknowledged that the oxygen molecule per se is not especially reactive, and it is necessary to convert ground state oxygen into so-called "reactive oxygen species" (ROS), which are much more damaging. The contribution that ROS makes to de-stabilizing beer flavor was first reported by Bamforth and Parsons (3) and has been extensively explored since (1) . ROS are generated in a series of reactions involving transition metal ions (5) and the deleterious impact on beer of notably iron and copper has been amply documented (3, 6, 11, 12) . Zufall (12) drew attention to the possible role that manganese may have in the context of oxidation. The role of manganese in promoting the production of reactive oxygen species has been reported (4,7)
In this paper we confirm that manganese elevates staling in beer, we have compared manganese levels in a range of beers and we have identified the contribution of different raw materials and processes to the level of manganese surviving into beer.
EXPERIMENTAL

Evaluation of staling
Bottles of a commercial light beer were spiked with food grade manganese chloride to final concentrations in the beer of 0, 0.2, 0.4, 0.6, 0.8, and 1 mg/L. Bottles were fobbed and re-crowned.
One set of samples was placed into storage at -2 o C for 35 days. The other set was held at 60 o C for 1 day, then at -2 o C for 34 days. Eight tasters were asked to sort the 12 beers in order from least stale (ranked as 'one') to most stale (ranked 'twelve'). Water Treatment Salts (15% Calcium) were from Crosby and Baker (Westport MA, USA). American Ale 1056 yeast was from Wyeast Labs (Odell, OR, USA). Filter pads (Cellupore grade 19455D) were from Gusmer Enterprises (Fresno, CA, USA). Commercial beers were purchased from a local market.
Materials
Analysis of manganese
All liquid samples (50 mL) were collected in polypropylene conical centrifuge tubes (Corning Life Sciences DL No. 352070). All liquid samples were filtered using 0.45μm Nitrocellulose filters (Millipore HAWP4700) and 25mL polypropylene disposable syringes. The samples were stored frozen at -20 o C.
Analysis was completed at the University of California Agriculture and Natural Resources Analytical Laboratory, Davis, CA (http://anlab.ucdavis.edu). Solid samples were dried so that analysis was done on 100% dry basis. They were then analyzed by a nitric acid/hydrogen peroxide microwave digestion (9) followed by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES; 8) . The minimum detectable limit for iron, manganese and zinc was 1.0 ppm and was 0.5ppm for copper. Liquid samples were analyzed for soluble and total concentrations of the metal ions. Soluble concentrations were determined by ICP-AES according to U.S. EPA Method 200.7 (10) . Total concentration in a liquid was determined by a nitric acid/hydrogen peroxide microwave digestion and then by atomic absorption spectrometry (AAS) (8) . For liquid determinations, the minimum detectable concentrations were 0.1 mg/L copper, iron and zinc and 0.02 mg/L for manganese. Reproducibility by the lab for all 3 determination procedures was within 8%. at 20 o C. The total residence time for fermentation and warm maturation was 14 days before applying chilling to -2 o C and removal of yeast from the cone. After 48h the beer was filtered using filter pads.
Mass Balance Brews
Pellets (15.0% alpha), 85g Citra Pellets (13.9% alpha). The Citra pellets were added during a 15min whirlpool stand. 
Dry Hopping Trials
RESULTS AND DISCUSSION
The impact of manganese on aged character in beer
The panel of tasters was not specifically trained as part of this study to detect aged character however they were experienced tasters familiar with the characteristics of oxidized products. As Figure 1 shows, there was considerable variance in the rankings that emerged, however clearly the beers that had not been force aged were distinguished from those that had been heated. This was the case irrespective of whether manganese had been added. However the mean rating for the beer devoid of added manganese indicated less perceived aged character compared to those to which manganese had been added. There is an indication that the degree of staling is generally increased as the manganese level is raised, especially at the elevated storage temperature.
Levels of manganese in commercial beers
The level of manganese present in fifteen commercial beers ranged from 0.05 to 0.23ppm (Table   1 ). This is at the lower end of the range of manganese levels tested above, but may be sufficient in some of the beers to be of concern as a causative agent in staling.
Levels of manganese in grist materials
The thirteen grist materials surveyed do not vary tremendously in their levels of manganese, with the exception of flaked oats, which display a substantially higher content of manganese ( Table 2) .
Levels of manganese in hops
By contrast with most of the grist materials, hops contain relatively substantial levels of manganese (Table 3 ). Whilst the quantities of hops employed for bittering purposes even in the highest IBU beers is substantially less than the amount of malts and adjuncts used, the question is begged about the impact of dry hopping on the delivery of manganese into beer (see later). We are unable on the basis of this study to identify the reason for the high Mn levels in hops and whether it is a possible function of fungicides applied to the hops.
Mass balance of manganese through brewing and fermentation
The majority of the manganese introduced from the grist and the kettle hops is lost with spent grains, trub and yeast (Figs 2 and 3) . The higher manganese levels introduced in the second brew are reflected in higher manganese in the final beer.
The impact of dry hopping on manganese levels in beer
There is vastly more iron in pelleted hops than manganese, zinc and copper (Fig 4) . However analysis of beers dry hopped with these hops (as pellets) reveals that there is proportionately more leaching of manganese (and to a lesser extent zinc and copper) than iron into beers ( Fig 5) . Levels of manganese, copper and iron are at levels shown in this paper for manganese and elsewhere (3) for iron and copper to be of the order of magnitude that can cause staling via ROS formation.
More manganese is leached from hops into beer than into water (Figs 6a, b) . Whether the hops are in the form of whole cones or pellets does not seem to have a major impact and neither does the temperature at which the beer is held. The levels of manganese extracted in this experiment are substantially in excess of those registered in the commercial beers tested.
In conclusion, the data in this Note suggest that more attention should be paid to manganese as a possible promoter of stale character in beer and to the flavor deterioration of products, especially those that are dry hopped. 
